abstract background: Amyotrophic lateral sclerosis (ALS) is an intractable neurodegenerative disease that primarily affects motor neurons in the cerebral cortex and the spinal cord. Recent evidence indicates that dysfunction of oligodendrocytes is implicated in the pathogenesis of ALS. The basic helix-loophelix (bHLH) transcription factor Olig2 plays a pivotal role in the development of both motor neurons and oligodendrocytes in the progenitor of motor neuron (pMN) domain of the spinal cord, supporting evidence for the shared motor neuron/oligodendrocyte lineage. However, a comprehensive profile of Olig2 target genes in pMNs and oligodendrocyte progenitor cells (OPCs) with relevance to the pathogenesis of ALS remains to be characterized. Methods: By analyzing the ChIP-Seq datasets numbered SRP007566 and SRP015333 with the Strand NGS program, we identified genome-wide Olig2 target genes in pMNs and OPCs, followed by molecular network analysis using three distinct bioinformatics tools. results: We identified 5966 Olig2 target genes in pMNs, including Nkx2. 2, Pax6, Irx3, Ngn2, Zep2 (Cip1), Trp3, Mnx1 (Hb9), and Cdkn1a, and 1553 genes in OPCs. The genes closely related to the keyword "alternative splicing" were enriched in the set of 740 targets overlapping between pMNs and OPCs. Furthermore, approximately one-third of downregulated genes in purified motor neurons of presymptomatic mutant SOD1 transgenic mice and in lumbar spinal cord tissues of ALS patients corresponded to Olig2 target genes in pMNs. Molecular networks of Olig2 target genes indicate that Olig2 regulates a wide range of genes essential for diverse neuronal and glial functions. conclusIons: These observations lead to a hypothesis that aberrant regulation of Olig2 function, by affecting biology of both motor neurons and oligodendrocytes, might be involved in the pathogenesis of ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is an intractable neurodegenerative disease, characterized by rapid and progressive degeneration of motor neurons in the cerebral cortex and the spinal cord. Approximately 10% of ALS is of familial origin caused by genetic mutations of superoxide dismutase 1 (SOD1), TAR DNA binding protein (TARDBP, TDP-43), fused in sarcoma (FUS), optineurin (OPTN), ubiquilin 2 (UBQLN2), and chromosome 9 open reading frame 72 (C9orf72). 1 At present, the precise molecular mechanism underlying motor neuron degeneration in sporadic ALS remains unknown. Increasing evidence indicates that dysfunction of oligodendrocytes plays a key role in pathological processes of ALS. The levels of expression of oligodendrocyte-specific monocarboxylate transporter 1, which transports lactate, an essential energy metabolite to motor neurons, are greatly reduced in the motor cortex of ALS patients and the spinal cord of SOD1 mutant mice. 2 In the spinal cord of ALS patients, TDP-43-positive inclusions accumulate not only in motor neurons but also in oligodendrocytes. 3 Extensive degeneration of gray matter oligodendrocytes is found in the motor cortex and the spinal cord of ALS patients. 4 Furthermore, genetic deletion of mutant SOD1 selectively from oligodendrocytes markedly ameliorates the disease course in SOD1 mutant mice. 4 The basic helix-loop-helix (bHLH) transcription factor Olig2, a downstream target of a ventralizing factor Sonic hedgehog (SHH) that is secreted from the notochord and floor plate, plays a pivotal role in the development and differentiation of both motor neurons and oligodendrocytes in the spinal cord. 5 Olig2 is expressed in a restricted domain of the spinal cord ventricular zone named progenitor of motor neuron (pMN), which is composed of a pool of progenitor cells that sequentially generate motor neurons and oligodendrocytes, supporting evidence for the shared motor neuron/oligodendrocyte lineage. 6, 7 In contrast, V0, V1, V2, and V3 interneurons are separately generated from the p0, p1, p2, and p3 domains, respectively. 8 The pMN domain is bounded ventrally by the p3 domain defined by the expression of NK2 homeobox 2 (Nkx2.2, Nkx2-2), a homeodomain transcription factor, and dorsally by the p2 domain, whose ventral boundary is defined by the expression of Iroquois related homeobox 3 (Irx3), another homeodomain protein. 6 Both motor neurons and oligodendrocytes are almost completely lost in mice with a homozygous inactivation of Olig2. 9 Olig2 specifies the pMN identity by direct repression of interneuron transcription programs. 10 Notably, in Oligo1/2 double-mutant mice, pMN progenitors generate V2 interneurons and astrocytes. 11 A microRNA mir-17-3p silences the expression of Olig2 in the p2 domain to generate V2 interneurons. 12 Olig2 plays a decisive role in the specification of the pMN domain and initiates motor neuron differentiation by inducing expression of a proneural bHLH factor neurogenin 2 (Neurog2, Ngn2), which drives pMN progenitors to leave the cell cycle and express differentiation markers characteristic of post-mitotic neurons. 13 Ngn2 expression is extinguished from the progeny destined to become oligodendrocytes, whereas the expression of Olig2 is downregulated in the progeny destined to become motor neurons. 14 In contrast, the expression of Nkx2.2 is upregulated in pMN progenitors as they switch from producing motor neurons to generating oligodendrocytes. 15 Structurally, Olig2 is characterized by the presence of the bHLH domain that mediates dimerization and binding to target DNA sequences, often containing the core hexanucleotide motif composed of CANNTG named the E-box. 5 The bHLH domains of Olig1 and Olig2 exhibit more than 80% amino acid identities. However, Olig1 and Olig2 exert non-overlapping biological functions attributable to differential interactions with dimeric partners and co-regulator proteins. 5 Olig2 favors forming a homodimer, while Ser147 phosphorylation of Olig2 by protein kinase A induces motor neuron differentiation by switching of dimerization partner from Olig2 to Ngn2. 16 The levels of Olig2 expression in the developing spinal cord are much higher than those of Olig1, and Olig2 has a broader expression pattern in the embryonic forebrain. 9 Furthermore, deletion of Olig1 has no visible impact on the generation of motor neurons and early oligodendrocyte progenitors. 5, 17 Olig2 generally acts as a transcriptional repressor of direct target genes. 5, 13 However, at present, the complete profile of Olig2 target genes in both pMNs and oligodendrocyte progenitor cells (OPCs) remains to be intensively characterized, particularly with relevance to the pathogenesis of ALS.
Recently, an advanced next-generation sequencing (NGS) technology termed chromatin immunoprecipitation, followed by deep sequencing (ChIP-Seq), encouraged us to characterize genome-wide profiles of DNA-binding proteins and histone modifications. 18 ChIP-Seq, with the advantages of higher resolution, less noise, and greater coverage of the genome compared with microarray-based ChIP-Chip, serves as an innovative tool for studying gene regulatory networks on the whole-genome scale. To investigate a role of Olig2 in the pathogenesis of ALS, we attempted to characterize the comprehensive set of ChIP-Seq-based Olig2 direct target genes in pMNs and OPCs and their molecular networks by analyzing datasets retrieved from the public database.
Methods chIP-seq dataset. We retrieved an Olig2 ChIP-Seq dataset of embryonic stem cells (ESCs) during motor neuron differentiation from the DDBJ Sequence Read Archive (DRA) (trace.ddbj.nig.ac.jp/DRASearch) under the accession number of SRP007566. The original experiment was carried out by the researchers in Dr. Hynek Wichterle's Laboratory, Columbia University Medical Center. 10 The relevant dataset numbered GSE30882 is open to public since November 12, 2011. They generated a mouse ESC line incorporated with a transgene composed of doxycycline (DOX)-inducible Olig2 tagged with the V5 epitope in the carboxyl terminal, named iOlig2-V5. Then, motor neuron differentiation was induced by exposure of embryoid bodies derived from ESCs to 1 μM all-trans retinoic acid (RA, Sigma) and 0.5 μM Smoothened Agonist (SAG, Merck/Calbiochem), an agonist of hedgehog signaling. This was followed by a 24-hour treatment with 1 μg/mL DOX starting on day 3, resulting in differentiation of motor neurons progenitors (pMNs) expressing an Olig2-V5 fusion protein, along with endogenous Olig2 (Olig2-V5 + pMNs). In some experiments, pMN cells untreated with DOX (Olig2-V5 − pMNs) were utilized to detect binding sites for an endogenous Olig2 protein. The cells were fixed with formaldehyde for ChIP. Sonicated nuclear extracts were immunoprecipitated with a rabbit polyclonal anti-Olig2 antibody (AB15328, Millipore) for ChIP of Olig2-V5 − pMNs (SRR315585), a rabbit polyclonal anti-V5 antibody (ab15828, Abcam) for ChIP of Olig2-V5 + pMNs (SRR315586), or with ab15828 for ChIP of Olig2-V5
− pMNs serving as a negative control (SRR315590). NGS libraries constructed from adapter-ligated ChIP DNA fragments were processed for deep sequencing on Genome Analyzer IIx (Illumina).
To compare Olig2 target genes in pMNs with those in OPCs, we retrieved another Olig2 ChIP-Seq dataset from DRA under the accession number of SRP015333. The original experiment was carried out by the researchers in Dr. Qing Richard Lu's Laboratory, University of Texas Southwestern Medical Center. 19 The relevant dataset numbered GSE40506 is open to public since August 31, 2012. In their experiment, purified OPCs isolated from newborn rat cerebral cortices at P2 were grown in the OPC growth medium containing 10 ng/mL platelet-derived growth factor (PDGF)-AA and 20 ng/mL basic fibroblast growth factor (bFGF). Then, they were incubated for 3 days in the oligodendrocyte differentiation medium containing 15 nM triiodothyronine (T3) and 10 ng/mL ciliary neurotrophic factor (CNTF). The cells were fixed with formaldehyde for ChIP. Sonicated nuclear extracts were immunoprecipitated with a rabbit polyclonal anti-Olig2 antibody (ab136253, Abcam) for ChIP of the endogenous Olig2 protein expressed in differentiating oligodendrocytes (SRR548313), or with rabbit anti-human IgG (ab2410, Abcam) serving as a negative control (SRR548314). NGS libraries constructed from adapter-ligated ChIP DNA fragments were processed for deep sequencing on Genome Analyzer IIx.
rna-seq datasets. To study the involvement of Olig2 target genes in motor neuron degeneration in vivo in an animal model of ALS, we first retrieved a RNA-Seq dataset from DRA under the accession number of SRP013849. The original experiment was carried out by the researchers in Dr. Arthur L. Horwich's Laboratory, Yale University School of Medicine. 20 The relevant dataset numbered GSE38820 is open to public since December 4, 2012. In their experiment, motor neuron cell bodies were isolated by laser-captured microdissection (LCM) from spinal cords of transgenic mouse strains at 3 months of age in the presymptomatic stage, including wildtype SOD1-YFP (strain 592; SRR515121 and SRR515122) and mutant G85R SOD1-YFP (strain 737; SRR515123 and SRR515124). Total RNA extracted from pooled motor neuron cell bodies was subjected to polyA selection, fragmentation, cDNA synthesis, adaptor ligation, and library amplification. NGS libraries were processed for single-end sequencing on Genome Analyzer IIx.
To verify a pivotal role of Olig2 target genes in vivo in ALS patients, next we retrieved another RNA-Seq dataset numbered SRP033464 from DRA. The original experiment was carried out by the researchers in Dr. Oleg Butovsky's Laboratory, Brigham and Women's Hospital, Harvard Medical School. 21 The relevant dataset numbered GSE52946 is open to public since November 24, 2014. In their experiment, whole lumbar spinal cord tissues were isolated from eight sporadic and two familial ALS (SOD1 A4V) patients and 10 healthy control subjects according to the guideline approved by the Institutional Review Boards at Massachusetts General Hospital and Brigham and Women's Hospital. Total RNA was extracted by using mirVana TM miRNA isolation kit (Ambion) according to the manufacturer's protocol. Paired-end RNASeq analysis was performed on HiSeq 2000 (Illumina) in the Harvard genetic facility.
ngs data analysis. First, we evaluated the quality of NGS short reads by searching on the FastQC program (www. bioinformatics.babraham.ac.uk/projects/fastqc). Then, we removed the reads of insufficient quality by filtering them out by the FASTX toolkit (hannonlab.cshl.edu/fastx_toolkit). For ChIP-Seq analysis, we mapped the cleaned data on the mouse genome reference sequence version mm9 or the rat genome reference sequence version rn4 by a mapping tool named COBWeb of the Strand NGS2.0 program, formerly named Avadis NGS (Strand Genomics) or by Bowtie version 1.0.0 or 2.1.0 (bowtie-bio.sourceforge.net). Then, we identified the peaks of the binding sites by using the Model-based Analysis of ChIP-Seq (MACS) program, as described previously. 22 We determined the genes corresponding to the peaks by a neighboring gene analysis tool of Strand NGS in the setting within a distance of 5000 bp from peaks to genes. We identified the consensus motif sequences surrounding the peaks by using the GADEM program 23 and the genomic location of binding peaks by a peak-finding tool of Strand NGS. We imported the processed data into a genome viewer named GenomeJack v1.4 (Mitsubishi Space Software). 22 For RNA-Seq analysis, after removing poly-A tails and low-quality reads from NGS short-read data, we mapped them on mm9 or hg19 by TopHat version 2.0.9 (ccb.jhu.edu/software/tophat/index.shtml), and identified differentially expressed genes that satisfied the significance expressed as Q-value (FDR-adjusted P-value) #0.01 by Cufflinks version 2.1.1 (cufflinks.cbcb.umd.edu).
Molecular network analysis. To identify molecular networks biologically relevant to ChIP-Seq-based Olig2 target genes, we imported the corresponding Entrez Gene IDs into the Functional Annotation tool of Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 (david. abcc.ncifcrf.gov). 24 DAVID identifies relevant pathways constructed by the Kyoto Encyclopedia of Genes and Genomes (KEGG), composed of the genes enriched in the given set, followed by statistical evaluation by a modified Fisher's exact test after correction by Bonferroni multiple comparison test. KEGG (www.kegg.jp) is a publicly accessible knowledge base that covers a wide range of pathway maps on metabolic, genetic, environmental, and cellular processes, as well as human diseases, and is currently composed of 381,274 pathways generated from 473 reference pathways. 25 We also imported Entrez Gene IDs into Ingenuity Pathways Analysis (IPA) (Ingenuity Systems; www.ingenuity.com). IPA is a commercial knowledge base that contains approximately 3,000,000 biological and chemical interactions and functional annotations with definite scientific evidence. By uploading the list of Gene IDs, the network-generation algorithm identifies focused genes integrated in global molecular pathways and networks in the setting of 70 molecules per network. IPA calculates the score P-value that reflects the statistical significance of association between the genes and the pathways or networks by the Fisher's exact test.
KeyMolnet (KM Data; www.km-data.jp), another commercial knowledge base, contains manually curated contents on 164,000 relationships among human genes and proteins, small molecules, diseases, pathways, and drugs. 26 They include the core contents collected from selected review articles with the highest reliability. By importing the list of Gene ID, KeyMolnet automatically provides the corresponding molecules as nodes on the network. The neighboring networksearch algorithm selected one or more molecules as starting points to generate the network of all kinds of molecular interactions around starting molecules, including direct activation/inactivation, transcriptional activation/repression, and the complex formation within one path from the starting points. The generated network was compared side by side with 501 human canonical pathways of the KeyMolnet library. The algorithm, which counts the number of overlapping molecular relations between the extracted network and the canonical pathway, makes it possible to identify the canonical pathway showing the most significant contribution to the extracted network.
results
Identification of 5966 chIP-seq-based olig2 target genes in motor neuron progenitor cells. First, we evaluated the quality of ChIP-Seq data reanalyzed in the present study. After cleaning short-read data, the quality scores exceeded 20 across the bases on FastQC, indicating an acceptable quality of the data for downstream analysis ( Supplementary Fig. 1 ). After mapping cleaned data on mm9 by COBWeb, we identified 43,419 ChIP-Seq peaks for the binding sites of the endogenous Olig2 protein and 24,112 ChIP-Seq peaks for binding sites of the Olig2-V5 fusion protein in mouse ESCderived pMNs progenitors. We extracted the set of 20,043 peaks shared between both as the most reliable set of Olig2 ChIP-Seq peaks. From these, we collected the peaks located within a distance of 5000 bp from protein coding genes.
Finally, we identified a set of 5966 Olig2 target genes that satisfied fold enrichment (FE) $10 and false discovery rate (FDR) #0.1 (Supplementary Table 1 ). Importantly, the list contained previously reported Olig2 direct targets, 10, 19 such as Nkx2.2 (FE = 353.7) (Fig. 1) , Zeb2 (Sip1, FE = 88.5), Pax6 (FE = 87.4), and Irx3 (FE = 24.8). Furthermore, we identified Trp53 (FE = 108.4) and Ngn2 (EF = 28.6) as a category of unreported Olig2 targets (Supplementary Table 1 ). The peaks were distributed in the upstream (12.9%), 5'UTR (11.8%), 3'UTR (2.0%), coding exonic (13.1%), and intronic (54.3%) regions. The motif analysis by GADEM revealed a relative enrichment of the E-box consensus sequence defined as 5'-CAGCTG-3' located within genomic regions surrounding ChIP-Seq peaks ( Fig. 1 and Supplementary Fig. 2 ).
Identification of 1553 chIP-seq-based olig2 target genes in oPcs. Next, we studied Olig2 target genes in rat OPCs by mapping ChIP-Seq data on rn4 by COBWeb. We identified 10,756 ChIP-Seq peaks in OPCs upon differentiation into oligodendrocytes. From these, we extracted the peaks located within a distance of 5000 bp from protein coding genes. Finally, we identified a set of 1553 Olig2 target genes that satisfied FE $10 and FDR #0.1 (Supplementary Table 2 ). The peaks were distributed in the upstream (9.2%), 5'UTR (11.8%), 3'UTR (1.3%), coding exonic (10.4%), and intronic figure 1. Genomic location of Olig2 ChIP-Seq peak on the Nkx2-2 gene. The genomic location of Olig2 ChIP-Seq peak was determined by importing the processed data into GenomeJack. An example of homeobox protein Nkx2-2 (Nkx2.2; Entrez Gene ID 18088) is shown, where a MACS peak numbered 22463 in the Olig2.bam Coverage track is located in the intronic region of the Nkx2-2 gene, isoform 2 (panel A) with an E-box consensus sequence motif highlighted by orange square (panel B).
(59.5%) regions. Importantly, the set of 740 genes among them were overlapped between pMNs and OPCs (Supplementary  Table 3, underlined in Supplementary Tables 1 and 2) . Importantly, functional annotation analysis by DAVID showed that 320 genes (43.2%) out of the set of 740 Olig2 target genes overlapping between pMNs and OPCs were significantly related to "alternative splicing" in the Swiss-Prot (SP)/Protein Information Resource (PIR) keyword (P = 3.73E-31 corrected by Bonferonni; underlined in Supplementary Table 3) .
Molecular networks of chIP-seq-based olig2 target genes in motor neuron progenitor cells and oPcs. Next, we studied molecular networks of Olig2 target genes by using three distinct pathway analysis tools of bioinformatics. By using DAVID, we identified functionally associated gene ontology (GO) terms. For 5966 Olig2 targets in pMNs, the most significant GO terms included "cell morphogenesis" (GO:0000902; P = 3.17E-16 corrected by Bonferroni) for biological process, "plasma membrane" (GO:0005886; P = 5.54E-18) for cellular component, and "metal ion binding" (GO:0046872; P = 6.46E-20) for molecular function. For 1533 Olig2 targets in OPCs, the most significant GO terms included "intracellular signaling cascade" (GO:0007242; P = 2.53E-05) for biological process, "plasma membrane" (GO:0005886; P = 1.13E-05) for cellular component, and "ion binding" (GO:0043167; P = 3.07E-04) for molecular function.
By KEGG pathway analysis, the set of 5966 Olig2 targets in pMNs showed a significant relationship with top three pathways defined as "Pathways in cancer" (mmu05200; P = 5.08E-08 corrected by Bonferonni), "Axon guidance" (mmu04360; P = 1.76E-09) (Fig. 2) , and "Focal adhesion" (mmu04510; P = 2.90E-07) (Table 1) . Importantly, they also exhibited significant association with the pathways defined as "Glioma" (mmu05214; rank 17, P = 0.024) ( Supplementary Fig. 3 ) and "Hedgehog signaling pathway" (mmu04340; rank 18, P = 0.033), where patched homolog 1 (Ptch1), the receptor for SHH, corresponded to one of Olig2 targets (Table 1) . From the 5966 genes described above, we extracted the set of 4717 Olig2 target genes that satisfied 10 times more stringent FDR (FDR #0.01) (Supplementary Table 4 ). We imported them into the Functional Annotation tool of DAVID to identify relevant KEGG pathways. Again, we found that the set of 4717 Olig2 target genes in pMN showed the most significant relationship with "Axon guidance" (mmu04360; P = 1.76E-09 corrected by Bonferroni), "Pathways in cancer" (mmu05200; P = 4.82E-09), "MAPK signaling pathway" (mmu04010; P = 7.11E-06), and "Focal adhesion" (mmu04510; P = 2.73-04), validating the reliability of initial results. For the 1533 Olig2 targets in OPCs, the top three KEGG pathways included "MAPK signaling pathway" (rno04010; P = 1.49E-05 corrected by Bonferroni), "Longterm depression" (rno04730; P = 3.34E-05), and "Vascular smooth muscle contraction" (rno04270; P = 3.57E-03). Next, we studied molecular networks of 5966 Olig2 targets in pMNs by using the Core Analysis tool of IPA. They showed a significant relationship with canonical pathways defined as "Axonal guidance signaling" (P = 3.70E-17) and "Molecular mechanisms of cancer" (P = 3.64E-15), well consistent with the results of KEGG. For the 1533 Olig2 targets in OPCs, they exhibited a significant relationship with canonical pathways defined as "Synaptic long term depression" (P = 2.98E-07) and "Wnt/β-catenin signaling" (P = 3.65E-06).
IPA also identified functional networks highly relevant to the 5966 Olig2 targets in pMNs, defined as "Cancer, cell-to-cell signaling and interaction, cellular assembly and organization" (P = 1.00E-54), "Auditory disease, connective tissue disorders, dermatological diseases and conditions" (P = 1.00E-54), "Cancer, gastrointestinal disease, organismal injury and abnormalities" (P = 1.00E-52), and "RNA posttranscriptional modification, embryonic development, hair and skin development and function" (P = 1.00E-52), where both Cul1 (cullin 1) and Cul3 (cullin 3), which constitute the CULLIN-RING ubiquitin ligase (CRL) complex, play a central role in the Olig2 target gene network (Fig. 3) . For the 1533 Olig2 targets in OPCs, IPA identified a functional network defined as "Cell death and survival, cellular compromise, neurological disease" (P = 1.00E-83) as the top rank network.
Next, we studied molecular networks of the 5966 Olig2 targets in pMNs by using KeyMolnet. The neighboring network-search algorithm extracted the extremely complex network composed of 5839 molecules and 13,818 molecular relations ( Supplementary Fig. 4 ). The network showed the most significant relationship with "Transcriptional regulation by p53" (P = 1.68E-237). For the 1533 Olig2 targets in OPCs, KeyMolnet identified the highly complex network showing the most significant relationship with "Transcriptional regulation by NF-κB" (P = 1.28E-181) (data not shown). downregulation of numerous olig2 target genes in degenerating motor neurons of mutant sod1 transgenic mice and spinal cord tissues of als patients. Finally, we studied a possible role of Olig2 target genes in the process of motor neuron degeneration in a mouse model of ALS and lumbar spinal cord tissues of ALS patients. We identified the set of 277 genes downregulated in LCM-purified spinal cord motor neurons derived from presymptomatic SOD1 G85R transgenic mice, which satisfied a Q-value #0.01 and log2 fold change #-1.0 (Supplementary Table 5 ). Among them, the set of 77 genes (27.8%) corresponded to Olig2 target genes in pMNs (Table 2, underlined in Supplementary Table 5) . We also identified the set of 1583 genes downregulated in lumbar spinal cord tissues of ALS patients, which satisfied a Q-value #0.01 and log2 fold change #-1.0 (Supplementary Table 6 ). Among them, the set of 473 genes (29.9%) corresponded to Olig2 target genes in pMNs (underlined in Supplementary Table 6 ). Since Olig2 generally acts as a transcriptional repressor of direct target genes, 5, 13 these results suggest that downregulation of Olig2 target genes possibly due to overactivation of Olig2 plays a key role in progression of motor neuron degeneration both in mutant SOD mice and in ALS patients.
discussion
ALS is a fatal neurodegenerative disease that chiefly affects motor neurons in the brain and spinal cord. All motor neurons in the spinal cord arise from a common set of progenitor cells located within the pMN domain. 6, 7 Recent studies have convincingly indicated an active involvement of oligodendrocyte Notes: By importing Entrez Gene IDs of 5,966 ChIP-Seq-based Olig2 target genes in pMNs into the Functional Annotation tool of DAVID, KEGG pathways showing significant relevance to the set of imported genes were identified. They are listed with rank, pathways, focused genes, P-value corrected by Bonferroni multiple comparison test, and false discovery rate (FDR).
Journal of Central nervous system Disease 2015:7 figure 3. IPA "RNA post-transcriptional modification, embryonic development, hair and skin development and function" network relevant to Olig2 target genes in motor neuron progenitor cells. Entrez Gene IDs of 5966 Olig2 target genes in pMNs were imported into the Core Analysis tool of IPA. It extracted the "RNA post-transcriptional modification, embryonic development, hair and skin development and function" network as the third rank functional network. Olig2 target genes are colored green. Both CUL1 and CUL3 serve as a hub in the network.
dysfunction in the pathogenesis of ALS. [2] [3] [4] Olig2, expressed selectively by pMN progenitor cells, plays an indispensable role in the development and differentiation of both motor neurons and oligodendrocytes in the spinal cord. [5] [6] [7] [8] [9] Here, we characterized the comprehensive set of ChIP-Seq-based Olig2 direct target genes and their molecular networks in pMNs and OPCs with relevance to the pathogenesis of ALS.
First, we identified a reproducible set of 5966 Olig2 target genes in pMNs from the ChIP-Seq dataset numbered SRP007566. They included previously reported Olig2 direct targets in pMNs, such as Nkx2.2, Pax6, and Irx3, 10 supporting the validity of our results. Next, we identified the cardinal set of 1553 Olig2 target genes in OPCs from the ChIP-Seq dataset numbered SRP015333. Then, we extracted the core set of 740 Olig2 target genes overlapping between pMNs and OPCs. Importantly, the genes closely related to "alternative splicing" in the category of SP/PIR keywords are highly enriched in Olig2 targets shared between pMNs and OPCs. Increasing evidence indicates that RNA metabolism, including regulation of transcription and alternative splicing, is profoundly disturbed in ALS. 27, 28 Notably, TDP-43 (TARDBP) and FUS, both of which are causative genes of familial ALS and play a key role in RNA processing and regulation of exon splicing, are mislocated from the nucleus to the cytoplasm in degenerating motor neurons of ALS. 29 Most importantly, we found that approximately one-third of the downregulated genes in LCM-purified spinal cord motor neurons of presymptomatic SOD1 G85R transgenic mice, as well as in lumbar Table 5 ). Among them, the set of 77 genes corresponding to Olig2 target genes in pMNs (Supplementary Table 1 ) are listed with Entrez Gene ID, Gene Symbol, Gene Name, Locus, LOG2(FC), and Q-Value.
spinal cord tissues of ALS patients, correspond to Olig2 targets in pMNs, suggesting an involvement of overactivation of Olig2 in the pathogenesis of ALS, beginning from the very early stage of the disease. We intensively studied molecular networks of Olig2 target genes in pMNs and OPCs. By analyzing with KEGG and IPA, the set of 5966 Olig2 targets in pMNs showed a significant relationship with "Molecular mechanisms and pathways in cancer" and "Axon guidance signaling", while 1533 Olig2 target genes in OPCs exhibited relevance to "Synaptic long term depression", "MAPK signaling pathway", and "Wnt/β-catenin signaling". Interestingly, synaptic plasticity regulated by a balance between long-term depression and potentiation is altered in the brain of SOD G93A transgenic mice. 30 Conditional ablation of Erk1/2 in oligodendrocytes in the adult CNS reduces the expression of a key transcription factor named the myelin gene regulatory factor (Myrf), which is indispensable for myelin gene expression. 31 Protein levels of Wnt4 and Wnt inhibitory factor-1 (Wif1) are elevated in the spinal cord of SOD1 G93A mice. 32 Smad-interacting protein-1 (Sip1; Zeb2) activates Smad7 that antagonizes the bone morphogenetic protein (BMP) and Wnt/β-catenin signaling pathways pivotal for the development of astrocytes.
19
Olig2 binds to the motor neuron and pancreas homeobox 1 (Mnx1, Hb9) promoter and represses its transcription to keep the replication-competent state of pMNs during neural tube development.
14 Olig2 binds to the promoter of cyclin-dependent kinase inhibitor 1A (Cdkn1a, p21) and directly suppresses its expression. 33 We identified Zeb2 (Sip1), Mnx1, and Cdkn1a as Olig2 targets in pMNs. These results suggest that Olig2 downregulates a wide range of target genes involved in diverse neuronal and glial functions under physiological conditions during development to avoid premature differentiation of Olig2-expressing cells and under pathological conditions to suppress oncogenesis of these cells. However, Olig2 is expressed in not only normal mature oligodendrocytes but also oligodendroglioma and diffuse glioma irrespective of their grades. 34 Furthermore, we found a close relationship between Olig2 targets in pMNs and KEGG "Glioma" pathway. The apparent discrepancies might be derived from the proliferative functions of Olig2 affected by post-transcriptional modifications, which are largely controlled in neural progenitor cells by developmentally regulated phosphorylation of a triplet serine motif of Ser10, Ser13, and Ser14 located on the N-terminus of Olig2. 35 Olig2, phosphorylated at the triplet serine motif and expressed in p53-positive human gliomas, inhibits biological responses to p53. 36 Interestingly, KeyMolnet indicated that the molecular network of Olig2 targets in pMNs is the most relevant to the network of "Transcriptional regulation by p53".
The ubiquitin-proteasome system, pivotal for protein turnover to prevent accumulation of abnormal proteins in the cell, is severely compromised in ALS. 37 IPA showed that Olig2 target genes in pMNs have relevance to the functional network defined as "RNA post-transcriptional modification, embryonic development, hair and skin development and function", where Cul1 and Cul3, both of which are central components of the CRL complex involved in regulation of protein quality control, serve as a hub in the Olig2 target gene network. These observations suggest the possibility that even subtle overactivation of Olig2 could induce a serious defect in physiological function of the CRL complex essential for cellular protein homeostasis, leading to neurodegeneration due to accumulation of disease-associated proteins.
conclusions
By reanalyzing ChIP-Seq datasets, we identified the set of 5966 Olig2 target genes in pMNs and the set of 1553 Olig2 target genes in OPCs. The genes related to the SP/PIR keyword "alternative splicing" are clustered in the core set of 740 targets overlapping between pMNs and OPCs. Approximately one-third of downregulated genes in purified motor neurons of
